In the last 10 years, there has been an emergence of reports related to opioid-induced sudden sensorineural hearing loss (SSNHL). The underlying pathology is not completely understood, and the mechanism(s) of action of these drugs in the inner ear remains to be determined. Reports of SSNHL due to the abuse of opioid peptides and other drugs suggest that the opioid system in the inner ear is affected. The reversible or irreversible effect on auditory function depends on the type of drug used and several other factors, including duration and time of exposure as well as the health status of drug users. Abuse of hydrocodone + acetaminophen (Vicodin 1 hydrocodone/paracetamol; Abbott Laboratories, Worcester, MA) has induced permanent hearing loss in several individuals. In contrast, abuse of heroin-induced hearing loss that was sometimes reversible. The widespread expression and physiological action of endogenous peptide opioids and their receptors in the inner ear suggests that pharmacological treatment for druginduced hearing loss is possible. The present study reviews the basic concepts of opioids and their receptors, provides clinical examples of hearing loss mediated by opioids and related drugs, reviews experimental evidence of the presence of opioids and their receptors in the inner ear (animal models and human studies), and describes the cellular targets affected by opioids and other recreational drugs.
Opioids are medications that relieve moderate and severe pain. 1 These drugs are either naturally occurring or synthetic/semisynthetic chemicals that bind opioid receptors. 2 The term opioid refers to a mixture of alkaloids such as morphine or codeine. Medications included within this class are hydrocodone, oxycodone, morphine, codeine, and related drugs. 3 Ancient Egyptian medical records reported the use of opium for pain relief several millennia ago. 4 The prevalence of abuse and addiction to opioids has fostered consternation among clinicians, law enforcement agencies, and policy makers. According to Ho et al, 5 the World Health Organization estimated there are 185 million users of illicit drugs, 1.3 billion tobacco smokers, and 2 billion alcohol users worldwide. The National Institute on Drug Abuse (NIDA) reports that prescription medication used to treat pain, attention deficit disorders, and anxiety are being abused at a rate second only to marijuana among illicit drug users. NIDA's Monitoring the Future survey found that 1 in 12 high school seniors reported past year nonmedical use of the prescription pain reliever Vicodin 1 (Vicodin 1 hydrocodone/paracetamol; Abbott Laboratories, Worcester, MA) in 2010, and 1 in 20 reported abuse of OxyContin 1 (oxycodone hydrochloride; Purdue Pharma, Stamford, CT). In 2007, the number of overdose deaths in the United States from prescription opioids outnumbered deaths from heroin and cocaine combined. 6 Effects of opioid use include dizziness, nausea, vomiting, drowsiness, and euphoria. 4 Opioid abuse can cause severe respiratory depression and death. 7 Sudden sensorineural hearing loss (SSNHL) also is beginning to be recognized as an adverse side effect of opioid abuse. In the past 10 years, there has been an emergence of reports related to opioid-induced sensorineural hearing loss. 8 The underlying pathophysiology of this auditory dysfunction is not well understood. The present study reviews the basic concepts of opioids and their receptors, provides clinical examples of SSNHL mediated by opioids and related drugs, reviews experimental evidence of the presence of opioids and their receptors in the inner ear (animal models and human studies), and de-scribes the possible pathophysiological mechanisms of action of opioids in the inner ear.
ENDOGENOUS OPIOIDS AND THEIR RECEPTORS
Opioid receptors and their endogenous peptide ligands are largely distributed through the central nervous system and peripheral tissues. The opioid system plays a very important role in several physiological responses including nociception, emotional behavior, learning and memory, and regulation of reward circuits. 7 The endogenous opioid peptides are mainly derived from four precursors: (1) proopiomelanocortin generates b-endorphin;
(2) proenkephalin produces met-enkephalin, leu-enkephalin, met-enkephalin RGL, and met-enkephalin RF; (3) prodynorphin produces several dynorphins and neoendorphins; and (4) prepro-OFQ/N produces orphanin FQ/ nociceptin. 4 Opioid receptors belong to the large superfamily of seven transmembrane G protein-coupled receptors. 9 Pharmacological and molecular cloning studies have clearly established three classic types of opioid receptors: mu-opioid peptide receptor (MOP) or mu-opioid receptor (MOR) (¼ mu for morphine), kappa-opioid peptide receptor (KOP) or kappa-opioid receptor (KOR) (¼ kappa for ketocyclazocine), and delta-opioid peptide receptor (DOP) or deltaopioid receptor (DOR) (¼ delta for [vas] deferens). Nociceptin opioid receptor (NOP) (ORL-1, orphanin FQ/nociceptin receptor (OFQ/N)) is the fourth type of opioid receptor. 9 Opioid receptors are activated by endogenously produced opioid peptides or exogenously administered opiated compounds (e.g., morphine, heroin, oxycodone).
All opioid receptors are involved in major opioid actions, including analgesia, reward, and the development of analgesic tolerance and physical dependence. 9 Most clinically used opioids for analgesia are either nonselective opioid agonists or selective MOR agonists. The analgesic efficacy of currently used opioid analgesics is limited due to their tendency to cause analgesic tolerance, physical dependence, and other undesiderable side effects after prolonged and repeated use. 1 The Drug Enforcement Agency classifies opioids into five schedules (I to V) of controlled drugs or common medications. As revised by Trescot et al, 4 there are four chemical classes of opioids: (1) Phenanthrenes are the prototypical opioids. The presence of a 6-hydroxyl group in their structure may be associated with a higher incidence of nausea and hallucinations for this class. For example, morphine and codeine (both with 6-hydroxyl groups) are associated with more nausea than hydromorphone, oxymorphone, and oxycodone (which do not have 6-hydroxyl group). Opioids in this group include morphine codeine, hydromorphone, levorphanol, oxycodone, hydrocodone, oxymorphone, buprenorphine, nalbuphine, and butorphanol. (2) Benzomorphans have only pentazocine as a member of this class and are associated with a high incidence of dysphoria. (3) Phenylpiperidines include fentanyl, alfentanil, sufentanil, and meperidine; fentanyl has the highest affinity for MOR receptors. (4) Diphenylheptanes include propoxyphene and methadone. Tramadol does not fit into these four standard opioid classes. A unique analgesic, tramadol is an atypical opioid, a 4-phenyl-piperidine analogue of codeine, with partial MOR agonist activity in addition to central gamma-aminobutyric acid (GABA), catecholamine, and serotonergic activities. Opioids can further be classified by their actions: agonists, agonist/antagonists, or partial agonists, 4 descriptions related to their effects on receptors.
ANATOMY OF THE COCHLEA
A review of cochlear anatomy is provided here in advance of a discussion of the mechanisms and actions of endogenous and exogenous opioids in the inner ear. The organ of Corti sits upon the basilar membrane within the fluid filled duct of the cochlea. Different cell types in the organ of Corti include the sensory cells (inner and outer hair cells) and several types of supporting cells. 10 The Afferent System Hearing requires an optimal innervation of the sensory hair cells, which transduce the acoustic signal. 11 The pattern of innervation of the inner and outer hair cells in the organ of Corti is quite different. The primary afferent innervation is subdivided into at least two systems conveying sound information from the cochlea to the central nervous system: (1) thick myelinated fibers originating from type I spiral ganglion neurons (comprising 95% of the cells found in the spiral ganglion) innervate inner hair cells and represent the principal encoding of the auditory signal; (2) thin unmyelinated fibers originating from type II ganglion cells innervate outer hair cells. Type II spiral ganglion neurons form "en passant" contacts with the outer hair cells and represent 5 to 10% of the total neuronal population. 11 It is suggested that these innervations provide integrated afferent feedback loop and amplify both cochlear sensitivity and frequency discrimination. 11, 12 Efferent Innervation Efferent fibers originating from the brain stem modulate neurotransmission of inner hair cells, either postsynaptically through synapses with afferent dendrites of primary afferent neurons or presynaptically through synapses directly onto the hair cells. 12, 13 Efferent innervation to the cochlea is subdivided into two systems: The lateral olivocochlear efferents (LOC) form axodendritic synapses with radial afferent fibers beneath the inner hair cells, and medial olivocochlear efferents form axosomatic synapses directly with outer hair cells. The efferent innervation is less pronounced in the human cochlea than in most animals. 13, 14 Cochlear Vasculature The cochlea is a highly metabolically active structure with abundant vasculature that allows efficient delivery of nutrients, oxygen, and drugs to cochlear cells. Consequently, cochlear cells are sensitive to reductions in blood flow. 15 Certain regions of the cochlea (such as the stria vascularis) are rich in blood vessels and are thus extremely well irrigated by a complex network of veins/capillaries for the delivery of oxygen and nutrients.
The cochlea receives its main blood supply from the basilar artery via the anterior cerebellar artery and the spiral modiolar artery. 16 Vasospasms/constriction of these arteries can cause ischemic stroke of the inner ear, leading to SSNHL. 17 One of the major mechanisms for control of blood flow is via neural innervations that regulate vasodilation or constriction. The mammalian auditory periphery receives a rich adrenergic innervation from the sympathetic nervous system, specifically from the stellate and superior cervical ganglia. 18 Several neuropeptides are expressed in the innervations of the cochlear vasculature: calcitonin gene-related peptide (CGRP), vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), substance P, and nitric oxide synthase. A study by Wangemann and Wonnerberger 19 demonstrated that cochlear blood flow is under the control of the sympathetic nervous system, and sympathetic nerve fibers have been identified along the basilar artery, the anterior inferior cerebellar artery, and the spiral modiolar artery.
NEUROTRANSMITTERS AND NEUROPEPTIDES IN THE INNER EAR
The activity of synapses between inner hair cells and type I afferent dendrites of the auditory nerve is modulated by LOC efferent fibers. 12, 14 These LOC efferents arise from the lateral cells of the superior olivary complex and radiate to the ipsilateral cochlea, terminating beneath the inner hair cells. 12, 20 Several neurotransmitters, including acetylcholine (ACh), GABA, serotonin, a variety of neuropeptides and dopamine, were identified as possible modulators of inner hair cell/auditory nerve synapses. 21 
Afferent Neurotransmitters
Evidence suggests that the main inner hair cell (afferent) neurotransmitter is an excitatory amino acid: glutamate. The presence and activity of glutamate, N-Methyl-D-aspartic acid (NMDA) receptors, 2-amino-3-(5methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid (kainate/AMPA)-type glutamate receptor and glutamate transporters within the cochlea has been studied extensively. 22, 23 Because inner ear spiral ganglia synapses are susceptible to excitotoxicity, perfusion of glutamate or glu-tamate agonists results in degeneration of spiral ganglia neurons. For example, acoustic trauma results in damage to inner hair cell/ spiral ganglia synapses due to glutamate excitotoxicity, and inhibition of glutamate reuptake exacerbates cochlear damage from exposure to loud noise. 24 
Efferent Neurotransmitters
Numerous studies have documented ACh, GABA, CGRP, and enkephalins as efferent neurotransmitters in the cochlea. 13 ACh is the main efferent excitatory neurotransmitter, and GABA, CGRP, and enkephalins are involved in inhibitory regulation of neural transmission. The presence and activity of dopamine and its receptors in efferent cochlear neurotransmission is important given that dopamine receptors interact with opioid receptors in other systems. 24 Moreover, recent studies have implicated dopamine in a neuroprotective role for the cochlea 25 because dopamine mediates neural transmission between LOC efferent terminals and the dendrites of afferent auditory neurons. 15, 24 The functional importance of dopamine has been highlighted by observations that dopamine has a protective effect on the inner hair cell-afferent nerve synapses during ischemia or acoustic trauma by attenuating the postsynaptic effects of glutamate overstimulation. 25 Dopaminergic neurons can be activated by opioids, cannabis, alcohol, and nicotine. The facilitation of dopamine release from presynaptic neurons or inhibition of its reuptake can be mediated by cocaine and amphetamines. 26 
OPIOIDS AND OPIOID RECEPTORS IN THE INNER EAR
Opioid receptors function in neuronal systems and local networks involved in the initiation of drug action and the subsequent development of adaptations in repeated drug use. 27 In 1981, Fex and Altschuler 28 demonstrated the existence of enkephalin-like immunoreactivity in the organ of Corti of the guinea pig and cat. There is a growing body of evidence that opioid neuropeptides participate in synaptic processing in hair cell systems. 29, 30 Studies on the distribution of opioid receptors in the auditory and vestibular periphery have been conducted in guinea pig and rat models. [31] [32] [33] [34] Immunocytochemistry, Western blot, and reverse-transcription polymerase chain reaction (RT-PCR) methods have shown the expression of all four known opioid receptor subtypes (MOR, DOR, KOR, ORL) in the cochlea. At the cellular level, MOR receptors were detected in the spiral ganglia neurons only, whereas DOR and KOR receptors were detected in inner and outer hair cells, interdental cells, and the spiral ganglia neurons. [31] [32] [33] MOR also has been detected in the vestibular periphery of the rat in calyceal and afferent-like terminals. 34 Orphanin/FQ peptide (ORL-1 ligand) has been detected in the rat cochlea. 35 Studies of MOR receptor-immunoreactivity and in situ hybridization have been made in the mouse 36 and human cochlea and vestibule in our laboratory. In the mouse cochlea, MOR is present in hair cells and spiral ganglia neurons, and in the human cochlea, MOR immunoreactivity and mRNA was detected in spiral ganglia neurons. In the vestibular sensory epithelia, MOR is located in the calyceal terminals and hair cells.
PHYSIOLOGY OF OPIOID RECEPTORS IN THE INNER EAR
The functionality of opioid receptors in the inner ear has been studied in several animal models [37] [38] [39] [40] [41] and the following results were reported. Opioid drug effects on auditory evoked potentials suggest a role of lateral olivocochlear dynorphins in auditory function 37 ; opioid receptors inhibit the adenylate cyclase in guinea pig cochleas 38 ; opioid receptors mediate a postsynaptic facilitation and a presynaptic inhibition at the afferent synapse of axolotl vestibular hair cells 39 ; the a9/a10-containing nicotinic ACh receptor is directly modulated by opioid peptides; two neuropeptides (endomorphin-1 and dynorphin B) are efferent cotransmitters in the inner ear. 40 The expression of the four opioid receptors, endogenous opioid peptides, and the physiologic response in the inner ear of animal models and in humans suggest that synthetic opioids may affect the homeostasis of the inner ear.
SSNHL FOLLOWING OPIOID ABUSE
SSNHL is characterized by the idiopathic loss of hearing either unilaterally or bilaterally that can develop over minutes, hours, or days. It can be triggered by mechanical cochlear injury, fluctuations of blood flow within the cochlea, viral infection, and autoimmune disorders. Opioid-induced SSNHL has been documented in several human case reports that are summarized later. The finding that opioids affect the excitability of the inner ear may explain why abuse of diverse drugs, such as heroin and hydrocodone, can produce significant alterations in hearing and balance. 41 Soto and Vega 41 reported a case of a Ménière's-like syndrome after a patient used epidural morphine. The specific mechanism(s) of action of opioids on different structures within the auditory system remains to be determined. The reversible or irreversible effect depends on the type of drug and several other factors, including duration and time of exposure as well as the health status of drug users. Clinical and research evidence suggests that pharmacological treatment of opioid-related auditory dysfunction is possible.
Hydrocodone and SSNHL
Codeine is an alkaloid derived from the opium poppy, and hydrocodone is a semisynthetic codeine derivative. Hydrocodone is effective as an antitussive and narcotic analgesic and is the most widely prescribed opioid in the United States. The combination of hydrocodone and acetaminophen (Vicodin) is prescribed for relief of acute and chronic pain. 42 Reactions to this medication include dizziness, nausea, vomiting, drowsiness, and euphoria. There are several reports linking hydrocodone abuse and patients' subsequent development of SSNHL. [42] [43] [44] [45] [46] Ho et al 42 reported on five patients (aged 28 to 57 years) with a chief complaint of progressive hearing loss after hydrocodone abuse. The patients' hydrocodone consumption varied from 10 to 300 mg/d, and the duration of hydrocodone use prior to hearing loss varied from 1 month to 5 years. Audiograms recorded soon after hospital admission showed moderate hearing loss, but this progressed to profound hearing loss in all of these cases. Cessation of hydrocodone use and treatment with corticosteroids resulted in no improvement in hearing. Because the hearing loss was irreversible, all patients eventually underwent cochlear implantation.
Oh et al 43 reported on two young patients who ingested high doses of Vicodin. The patients used Vicodin for 3 and 9 years, respectively, and both experienced hearing loss that progressed to profound levels bilaterally. These patients did not respond to treatment with high doses of oral prednisone, but their vestibular system was unaffected.
Friedman et al 44 reported progressive SSNHL in 12 patients who abused Vicodin. Ten of these patients developed profound hearing loss over time. Although the vestibular system was relatively spared in 10 of the 12 patients, two patients did exhibit vestibular dysfunction. In all of these reports, [42] [43] [44] [45] damage to the auditory system caused by hydrocodone appeared to be irreversible. Inherent differences in auditory and vestibular effects exhibited by individuals who abuse hydrocodone are likely the result of variations in drug metabolism, drug transport proteins, receptors, or genetic susceptibility.
Heroin, Cocaine, Morphine, and SSNHL There are several reports of reversible SSNHL after heroin abuse. [47] [48] [49] [50] [51] Schrock et al 51 reported SSNHL in a 23-year-old man with a 2-year history of heroin abuse (2 g/d). The patient first noticed hearing loss after 2 months of heroin abstinence. Audiometry conducted at that time revealed bilateral sensorineural deafness. The patient was treated with 250 mg prednisolone (corticoids) and pentoxifylline (which improves blood circulation), and within 3 days the patient reported a significant improvement in hearing. However, the posttreatment audiogram showed symmetric high-frequency sensorineural hearing loss, which was an improvement over the pretreatment condition. Ishiyama et al 47 described another case of profound reversible hearing loss and vestibular dysfunction after a patient injected "black tar heroin." The patient had a 4-year history of heroin abuse (1 g/d) and also had been on oral methadone maintenance. For 3 weeks prior to presentation, the patient had been completely abstinent from heroin and methadone. He then relapsed, injected 250 mg of heroin, and was unconscious for 20 minutes. Upon awakening, the patient reported profound hearing loss, ear fullness, loud bilateral tinnitus, and severe vestibulopathy. Three months later, his hearing and vestibular function normalized. Two other reports of bilateral SSNHL after heroin injection 49, 50 revealed similar clinical stories. The onset of bilateral deafness following heroin relapse may indicate a resensitization of a tolerized opioid system or possible hypersensitization of the system secondary to withdrawal. 47 Stenner et al 52 reported one case of bilateral severe SSNHL (with no tinnitus or vertigo) in a 26-year-old patient after cocaine abuse (intravenous twice, 50 mg/mL). Ear, nose, and throat examination and tympanograms were normal for both ears. Therapy was initiated with intravenous infusions of sodium chloride (0.9%), prednisolone in decreasing doses, and pentoxifylline. The following day, the patient reported steady improvement of hearing. On the third day, the audiogram showed normal hearing bilaterally.
There are a few reports of auditory dysfunction following the abuse of heroin in combination with alcohol or other drugs. For example, Antonopoulos et al 53 reported a case of a 27-year-old man with a history of untreated hepatitis C and heroin abuse. The comatose patient was admitted to the hospital after consuming alcohol and snorting heroin. The patient regained consciousness 16 hours later and complained of a sudden reduction of hearing in both ears. The patient received treatment with prednisolone and magnesium for 15 days. Three days after treatment began, the audiogram showed slight improvements in hearing; 1 month later, there was complete restoration of the patient's hearing.
According to case studies, the combination of heroin and cocaine in the form of "speedballing" can cause mild to moderate bilateral SSNHL, 54 and polysubstance abuse (heroin, benzodiazepine, alcohol, crack smoked, and cocaine) can result in moderately severe SSNHL. 55 However, Grimmer et al 56 concluded that newborns of opiate-addicted mothers are not at increased risk for early onset hearing loss.
Methadone, Propoxyphene Hydrochloride, and Amphetamines
Methadone is a synthetic opioid that is used as an analgesic and as a maintenance antiaddictive medication for patients with opioid dependency. Unfortunately, methadone overdose also can cause SSNHL. 57, 58 Christenson and Marjal 58 reported two cases of sudden SSNHL after methadone overdose, although the hearing loss in both patients reversed completely within 24 hours. Abuse of the synthetic opioid propoxyphene hydrochloride, an analgesic (trade names: Darvon, Darvocet (Xanodyne Pharmaceutical, Inc., Newport, KY)) also can lead to permanent SSNHL. [59] [60] [61] Finally, Iqbal 62,63 reported hearing loss in amphetamine-dependent inpatients. In most of these cases, patients' hearing recovered between 4 and 10 days after cessation of amphetamine use.
MECHANISMS OF AUDITORY DYSFUNCTION FOLLOWING DRUG ABUSE
The pathogenesis of hearing loss after recreational drug intake remains obscure, although various mechanisms have been proposed, including cochlear anoxia, ototoxicity, and auditory nerve damage. [47] [48] [49] [50] [51] [52] [53] [54] Reduced blood flow also can contribute to SSNHL. For example, cocaine's sympathomimetic properties are known to cause vasoconstriction, which can cause hearing loss in some cases, especially in high-dose users. In most of the cases of SSNHL described in this article, the patients' high frequencies were affected more severely than low frequencies, suggesting that the primary site of damage is the basal region of the cochlea.
A direct toxic effect of heroin on the cochlea was proposed by Polpathapee et al. 64 As an MOR agonist, heroin could bind to opioid receptors in the cochlea and provoke a down-regulation of auditory sensitivity 51 or a resensitization of a tolerized opioid system and a prolonged hypersensitization of the system secondary to withdrawal. 47 SSNHL also might be caused by the ototoxicity of heroin-adulterant additives, such as quinine, that damages outer hair cells of the cochlea. Kortequee et al 48 reported SSNHL following intracarotid injection of heroin, which was attributed to induced vasospasm or vasculitis. Iqbal 62 and other authors proposed that recoverable types of hearing loss in drug and alcohol users may be attributed to temporal lobe ischemia and hypoperfusion of the vestibulocochlear system. 65, 66 CONCLUSIONS Reports of SSNHL due to the abuse of opioid peptides and other drugs suggest that the opioid system in the inner ear is affected by these substances. However, the specific mechanism(s) of action of these drugs remains to be determined. Their reversible or irreversible effects on auditory functions depend on the type of drug used and several other factors, including duration and time of exposure as well as the health status of drug users. Abuse of high doses of hydrocodone + acetaminophen (Vicodin) tends to induce permanent hearing loss. In contrast, abuse of heroin, methadone, or amphetamines seems to induce a more reversible hearing loss.
Clinical reports suggest that pharmacological treatment of auditory dysfunction caused by drug abuse is possible in some cases. Therefore, it is important to increase clinicians' awareness of the possibility that patients who present with SSNHL might have hearing loss as a result of drug abuse. Asking such patients about their recent history of prescription and recreational drug use should become routine.
The lower frequencies are relatively spared in most cases of opiate-associated hearing loss, suggesting that ototoxicity or other mechanisms of damage occur primarily at the base of the cochlea. There is need for research using animal models to investigate the effects of recreational and prescription drugs on hearing. Gene expression analysis and the use of proteomic techniques also could be used to study the mechanisms and pathophysiology of SSNHL after drug abuse. Finally, efforts should be made to study and correlate changes in the central auditory and vestibular systems that occur after drug abuse.
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